ABSTRACT Formulations of compounds repellent to honey bees may be useful tools to keep bees away from areas recently treated with toxic insecticides. Here, we report the activity of a previously unknown honey bee repellent, an essential oil from the flower of Swertia densifolia (Gentianaceae), which has activity toward Indian honey bees Apis florea F. The essential oil was obtained by hydrodistillation and was subjected to a rotating table bioassay with foragers of the honey bee A. florea. Repellency was dose-dependent up to 12 mg/ml and remained constant thereafter. The chemical constitution of the essential oil was examined by gas chromatography-mass spectrometry analyses, which identified 19 constituent compounds. The major constituents (>10% of the oil) were linalool and octadecanoic acid. The constituents of intermediate concentration (5-10%) were a-terpeniol, nerol, n-octadecyl acetate, and spirostan-3-ol. Besides these, five minor constituents (1-5%) and six of the eight trace components present (<1%) have also been identified. The response of A. florea foragers to mixtures of the major and intermediate constituents was studied. Screening of formulations of linalool and a-terpeniol showed repellent properties toward A. florea, behavior which has already been reported by us in earlier studies. The compound n-octadecyl acetate was found to be an attractant, while octadecanoic acid and spirostan-3-ol were neither attractants nor repellents. Nerol, however, elicited dose-dependent effects involving both attraction and repellency. The effects of the constituents of this essential oil were not merely additive, possibly due to synergistic effects. These results establish the previously unknown chemical constitution and dose-dependent repellent nature of the essential oil isolated from flower of S. densifolia toward A. florea and may be used to improve bee management.
Introduction
Honey bees (Apis spp.) are one of the most important pollinator groups in nature, and are commonly exposed to insecticides used to control crop pests. Bee repellents are an important tool for keeping honey bees away from insecticide-treated areas. The earliest application of repellents to protect bees was the addition of carbolic acid to insecticide sprays to repel honey bees (Callbreth 1900) . Since this initial study, many classes of synthetic compounds have been tested as bee repellents, including various carbonyl compounds, amines, alcohols, and aromatic compounds. The search for naturally occurring honey bee repellents has focused on the repellent activity of essential oils from plants (Sukumar et al. 1991 , Mishra 1997 . A honey bee repellent composed of tea tree oil, benzaldehyde, and alcohol has been patented (Sackin and Fishman 1998) , while the repellent effects of several natural substances including extracts of Nicotiana tabacum (tobacco), Ruta graveolens (rue), Allium sativum (garlic), Carum pteroselinum (parsley), and Agave Americana (century) plants (Nicodemo and Nogueiracouto 2004) have demonstrated the efficacy of plant extracts as bee repellents. A model has been developed to score the repellency of compounds to honey bees (Ridout et al. 2006) , and recent reviews substantiate the effectiveness of essential oils and botanical extracts as repellents suitable for use in modern agriculture (Nerio et al. 2010 , Regnault-Roger et al. 2012 , Khater 2012 . Woods et al. (2014) have even patented substituted carbocyclic and heterocyclic organic compounds as bee repellents. Most previous reports found activity of intact essential oils to be superior to that of their individual constituents, indicating a synergistic effect among components (Nerio et al. 2010) .
In our efforts to develop attractants for honey bees, pheromone-based "lures" were developed first (Naik et al. 1989 ). However, their limitations were also evident. It was seen that optimum activity of lures was observed only over a small range of concentrations of attractant formulations. Formulations of higher or lower concentrations were less attractive. Development of plant-based attractant formulations was thought to be a possible alternative (Naik et al. 2003) . It is frequently observed by beekeepers in western Maharashtra (India) that Swertia densifolia Griseb.
(Gentianaceae), popularly known as "Chirayata," (Fig. 1) is often visited by foragers of honey bees in open fields. We, therefore, screened extracts of S. densifolia on honey bees. Initially, a dose-dependent attractant and repellent activity of a leaf extract of this plant toward A. florea (Hymenoptera: Apidae) was demonstrated (Naik et al. 2005 ). This was followed by the isolation of the essential oil from leaves and demonstration of its repellency to A. florea (Naik et al. 2008) . Study of the biological properties of extracts of the leaf left after removal of the essential oil demonstrated dose-dependent attractant properties at lower concentrations and repellent properties at higher concentrations, a response pattern similar to that shown by insects to pheromones (Naik et al. 2010a) . While this previous work demonstrated the value of extracts from the leaves of S. densifolia, the chemical constitution and biological properties of the essential oils from the flowers of S. densifolia have not previously been examined and are reported here.
Materials and Methods
Collection of Plant Material. Complete plant of S. densifolia (5 kg) were collected from each of the three locations (%1.75 kg from each location) in the Mahabaleshwar region of western Maharashtra, India: 1) near " Isolation of Essential Oil by Hydrodistillation. Flowers (250 g) from each lot (three lots per site) were subjected to hydrodistillation for 4 h using a Clevenger apparatus, and the average yield of essential oil per 250 g of flowers was determined. The essential oil from each lot was carefully collected using a long-tipped dropper to avoid possible contamination in solvent extraction.
Analyses of the Essential Oil. Primary examination of the essential oil was carried out by thin-layer chromatography. Next, the chemical constituents of the essential oil were identified by gas chromatographymass spectrometry (GC-MS) analyses. The essential oil (5 ml) was dissolved in dry acetone (1 ml), and a portion of the solution (2 ml) was injected into a Shimadzu QP-5000 GC-MS spectrometer fitted with a DB-5 capillary column (30 m Â 0.32 mm i.d., film thickness 0.25 mm). NIST and Wiley libraries were installed for reference. Injector was used in split mode, with a 28: 1 split ratio. The column temperature was programed for optimal separation of components in three stages: 1) 70 C (5 min), 2) increasing from 70 to 200 C at 10 C/ min, and 3) 200 C (25 min); injector temperature, 200 C; interphase temperature, 230 C; carrier gas, He (10 ml/ min); ionization energy, 70 eV; scan time, 0.5 s; mass range 45-450 m/z; solvent cut, 4 min; start time, 5 min. Identification of the compounds was done by studying their mass spectral fragmentation patterns and using the NIST and Wiley library searches. These assignments were then confirmed by studying their reported Kovats retention indices. Further confirmation of assignments was done by Co-GC analyses with known standards of available authentic compounds. Quantification of each constituent was done by following the standard procedure reported in our earlier paper (Naik et al. 2011) .
Procedure for the Bioassay. A natural colony of Indian honey bees A. florea nested in open space on the campus of Agharkar Research Institute was used for bioassays. Bioassays of each of the test formulation were carried out using a rotating table bioassay (Naik et al. 2013) , in which a table with a rotating circular wooden top (60 cm in diameter) mounted on an electric motor was fitted with a removable glass top of the same diameter. Throughout the experiment, the table top was 25 cm above the ground and was rotated at a constant velocity of one rotation every three minutes. A January 2015 NAIK ET AL.: HONEY BEE REPELLENT FROM S. densifoliaquantity of 50 ml of the test formulation was placed on each of eight predried cylindrical blocks of plaster of Paris (1 cm in diameter and 1 cm in height). These blocks were arranged symmetrically in a petri dish (8 cm in diameter). Another petri dish with eight similar blocks loaded with 50 ml of liquid paraffin was prepared as a control. Before beginning the actual experiment, the worker bees of A. florea were trained to feed on sugar syrup placed in a dish on the rotating table. After %100 bees had been trained, the glass top of the table was replaced with another identical glass top on which a petri dish with the test formulation and another petri dish with the control were placed opposite (40 cm apart) one another. Each petri dish was covered with clean, dry wire gauze (15-by 15-cm piece). The number of bees visiting each dish during a 10-min period was recorded. This time frame was selected based on preliminary observations that the rate of visits by honey bees remained unaffected for 10 min even when the feeding dish was removed. The wire gauze on the dishes was changed once any wire gauze had been touched by a bee, to avoid the effect of any pheromone it might have deposited. Honey bee response was assessed for seven formulations of increasing concentration, prepared by mixing a weighed quantity of essential oil (2-14 mg) with liquid paraffin (1 ml). A set of seven observations was recorded for each concentration. The averages and the standard deviations were calculated. The mean difference (DR) between the average number of bees visiting the control and that visiting each concentration was estimated as a measure of repellency of the test formulation. If the number of bees visiting the dish containing the test formulation was more than the number visiting the control, its attractiveness (DA) was determined as the difference between the average number of bees visiting the test formulation and that visiting the control. Bioassays of one of the major compound linalool and one of the intermediate compound a-terpeniol was already carried out by us (Naik et al. 2008) . Bioassays of the remaining major compound octadecanoic acid and the intermediate compounds nerol, n-octadecyl acetate, and spirostan-3-ol toward A. florea were carried out in this study.
Statistical Analyses. Statistical analyses were carried out using Mann-Whitney test and Kruskal-Wallis test to determine the significance of observations (SPSS version 11.0, SPSS Inc, Chicago, IL).
Results
Isolation of Essential Oil From Flower. In each of the nine hydrodistillations of S. densifolia flowers (250 g), the essential oil was obtained as a colorless fragrant liquid with an average yield of 59 mg (0.024%, wt:wt) per sample.
Chemical Composition of the Essential Oil. Examination of the essential oil by thin-layer chromatography using n-hexane: ethyl acetate (90:10) showed five distinct bands (R f values 0.65, 0.59, 0.44, 0.33, and 0.08).
Gas chromatograms from GC-MS analyses of all nine samples of essential oil from S. densifolia were identical. A representative gas chromatogram obtained after GC-MS analysis (Fig. 2) indicated the presence of 19 compounds (Table 1) , of which two were major components (>10%, wt:wt), four were intermediate (5-10%, wt:wt), five were minor (1-5%, wt:wt), and eight were trace components (<1%, wt:wt). The method used for identification is also indicated in Table 1 . The structures of these compounds are shown in Fig. 3 .
Repellency of the Essential Oil Toward A. flora. We found that number of honey bees visiting the test formulations of the intact essential oil was always significantly lower for all nine samples than the number visiting the control (Mann-Whitney test, P < 0.01; Kruskal-Wallis, v 2 ¼ 62.59, P ¼ 0.0001), indicating the repellent nature of the essential oil (Table 2) . Repellency varied by concentration (Fig. 4) .
Bee Behavior Toward the Major and Intermediate Components of the Essential Oil. Bee behavior toward octadecanoic acid and spirostan-3-ol was neutral relative to controls, as the number of bees visiting the test formulations did not differ from controls (11 6 2 vs 116 2 bees for octadecanoic acid; Mann-Whitney test, P ¼ 0.42; 11 6 2 vs 10 6 1 bees for spirostan-3-ol; Mann-Whitney test, P ¼ 0.37; KruskalWallis, for both the compounds, v 2 ¼ 3.33, P ¼ 0.336). 
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Bioassays of formulations of n-octadecyl acetate showed that this compound was significantly attractive to bees, with the level of attraction increasing up to a concentration of 100 mg/ml (Mann-Whitney test, P < 0.01; Kruskal-Wallis test, v 2 ¼ 54.39, P ¼ 0.0092). Further increase in concentration did not further increase attractiveness (Table 3 ; Fig. 5 ).
For the component nerol, low concentrations of 20 and 40 mg/ml were significantly attractive to A. florea foragers, and this attractiveness increased with increasing concentration up to 80 mg/ml (Mann-Whitney test, P < 0.01; Kruskal-Wallis, v 2 ¼ 52.41, P ¼ 0.0098). Further increase in concentration then reduced its level of attraction, with concentrations above 170 mg/ml being repellent (Table 4 ; Fig. 6 ).
Discussion
Although flowers are known to attract honey bees for pollination, the observed repellency of the flower essential oil is intriguing. However, this is in agreement with the repellent activity observed for other essential oils. Essential oils from leaves of S. densifolia (Naik et al. 2008) , fruits of Terminalia chebula (Naik et al. 2010b) , and Indian propolis (Naik et al. 2013 ) have previously been reported as repellent to honey bees. In a continuation of this line of research, here we report the isolation of components of the essential oil of flowers of S. densifolia and characterization of their repellent properties. Repellency observed is comparable with that observed for a standard honey bee repellent 2-heptanone (Naik et al. 2002) . Alcohols form the major class of compounds in this essential oil (61.5%, wt:wt). Acids (16.8%, wt:wt) and esters (11.4%, wt:wt) were present in moderate amounts, while the aldehydes (7.7%, wt:wt) were present at lower concentrations. Linalool was found to be a major constituent (>10%, wt:wt) in the leaf essential oil of S. densifolia which showed repellent properties toward A. florea (Naik et al. 2008) . Its presence as a major chemical constituent in the flower essential oil of S. densifolia, showing repellent properties toward A. florea, is in agreement with our earlier observations. Similarly, a-terpeniol showed repellent properties in both leaf and flower essential oils of S. densifolia.
The repellent nature of the essential oil investigated in this study corresponds well with the repellent olfactory response of honey bees to various essential oils reported in previous studies (Gupta 1987) .
The response of honey bees toward the individual components of the essential oil revealed a complex relationship between the activity of essential oil and the a Essential-oil concentration in mg/ ml of liquid paraffin. b Average number of bees visiting control counted during a period of 10 min (n ¼ 7).
c Average number of bees visiting the test formulation counted during a period of 10 min (n ¼ 7). Concentation (mg/ml) of Essential Oil Ho et al. 1997 , Hori 1998 . When wood preservative solutions of eucalyptus essential oil were studied, a synergistic effect from minor constituents was found (Khater 2012) . Similarly, the synergistic effects of constituents of essential oils used in vector control have been demonstrated (Koul et al. 2008) , and a recent study reported a synergistic effect of compounds of essential oils from Suregada zanzibariensis in repelling .0 6 1.14 a n-Octadecyl acetate concentration in mg/ ml of liquid paraffin. b Average number of bees visiting control counted during a period of 10 min (n ¼ 7).
c Average number of bees visiting the test formulation counted during a period of 10 min (n ¼ 6). a Nerol concentration in mg/ ml of liquid paraffin. b Average number of bees visiting control counted during a period of 10 min (n ¼ 7).
c Average number of bees visiting the test formulation counted during a period of 10 min (n ¼ 7). female adult mosquitoes (Innocent et al. 2010) . Another study of odorant receptor modulation in insect repellents also found a synergistic effect among the constituents of repellent formulation (Bohbot and Dickens 2012) .
This study establishes the previously unknown chemical constitution of the essential oil isolated from the flower of S. densifolia and demonstrates the dosedependent repellent nature of the essential oil toward A. florea. Determining the repellency of such essential oils is important for keeping bee populations away from chemical insecticides used in crop fields. This essential oil can be isolated by individual beekeepers or by an industrial laboratory for practical applications. The essential oils of mint, thyme, rosemary, and lemon grass have been classified as GRAS (generally regarded as safe) in the United States and have been placed on a list of FIFRA Section 25(b) exempting them from the registration process needed for chemical applications (Regnault-Roger et al. 2012) . If GRAS certification can be obtained for the essential oil components identified in this study, farmers could replace synthetic bee repellents with more environmentally friendly formulations of essential oils. 
